Abstract. Proteolytic cleavage of factor VIII (FVIII) to activated FVIIIa is required for participation in the coagulation cascade. The A2 domain is no longer covalently bound in the resulting activated heterotrimer and is highly unstable. Aspartic acid (D) 519 and glutamic acid (E) 665 at the A1-A2 and A2-A3 domain interfaces were identified as acidic residues in local hydrophobic pockets. Replacement with hydrophobic valine (V; D519V/E665V) improved the stability and activity of the mutant FVIII over the wild-type (WT) protein in several in vitro assays. In the current study, we examined the impact of mutations on secondary and tertiary structure as well as in vivo stability, pharmacokinetics (PK), efficacy, and immunogenicity in a murine model of Hemophilia A (HA). Biophysical characterization was performed with far-UV circular dichroism (CD) and fluorescence emission studies. PK and efficacy of FVIII was studied following i.v. bolus doses of 4, 10 and 40 IU/kg with chromogenic and tail clip assays. Immunogenicity was measured with the Bethesda assay and ELISA after a series of i.v. injections. Native secondary and tertiary structure was unaltered between variants. PK profiles were similar at higher doses, but at 4 IU/kg plasma survival of D519V/E665V was improved. Hemostasis at low concentrations was improved for the mutant. Immune response was similar between variants. Overall, these results demonstrate that stabilizing mutations in the A2 domain of FVIII can improve HA therapy in vivo.
INTRODUCTION
Hemophilia A (HA) is a genetic bleeding disorder caused by insufficiency in factor VIII (FVIII), an essential blood coagulation protein. The in vivo behavior of FVIII is complex and regulated by many processes and intermolecular interactions (1, 2) . Synthesized as a single-chain precursor, FVIII undergoes proteolytic processing to a heterodimer of a 90-210-kDa heavy chain (domains A1-A2-B) and a 80-kDa light chain (domains A3-C1-C2) joined by a metal cation (3) . Conversion to activated FVIIIa is triggered by thrombin or factor Xa mediated cleavage forming a heterotrimer of the A1, A2, and A3-C1-C2 fragments (4) . No longer covalently linked to the rest of the protein, the A2 domain is retained by a combination of weak electrostatic and hydrophobic interactions with neighboring regions in the A1 and A3 domains (5) . FVIIIa associates with phosphatidylserine (PS) exposed on the surface of activated platelets adjacent to factor IXa to form the Xase complex, responsible for activation of factor X to factor Xa (6, 7) . The Xase complex is short lived, resulting from instabilities in FVIIIa (8) . Loss of Xase activity may result from catabolism by activated protein C (APC), factor IXa, or factor Xa, but disassociation of the loosely retained FVIII A2 domain is the primary mechanism of inactivation (2) .
Analysis of the crystal structure of FVIII was used to study several polar/charged amino acids in the A1-A2 and A2-A3 interface regions (9) . Spatial separation of <2.8 Å suggested involvement in hydrogen-bonding and replacement with neutral Ala (A) impaired FVIII function in >50% of the targets (10) . Several residues separated by >2.8 Å were identified as potentially failing to participate in bonding interactions and targets for charge neutralization to promote hydrophobic retention of the A2 domain. Individual replacement of E665, E1984, and D519 with alanine or valine reduced the decay of FVIII and FVIIIa (8) . A combinatorial study of stability-promoting mutations found that B-domain deleted human FVIII in which valine replaced D519 and E665 (D519V/E665V) demonstrated the largest improvements compared to the WT protein; decay rate of the activated FVIIIa trimer was reduced seven-fold while peak thrombin concentrations were more than doubled (11). D519 and E665 are shown with respect to the global structure of FVIII in Fig. 1 (12) .
Prophylactic treatment with FVIII in HA reduces the frequency and severity of bleeding in patients, but maintenance of concentrations above the 0.01 IU/mL therapeutic threshold requires frequent infusions due to a half-life of only 10-14 h (13, 14) . A FVIII product that improved plasma survival or retained efficacy at lower concentrations could substantially improve patient therapy by reducing the frequency of infusions. Multiple groups sought to engineer this next generation therapeutic by stabilizing the A2 domain, but have had limited success due to the many intermolecular actions of FVIII required in vivo. Removal of the FVIII A1-A2 cleavage site improved in vitro stability, but reduced binding to the von Willebrand Factor (vWF) carrier protein essential for survival in vivo (15) . Another mutant with additional disulfide bridge-forming cystine residues used to covalently retain the A2 domain of FVIIIa failed to reduce overall clot times, but improved some clotting parameters at low concentrations (16) .
A series of studies were designed to evaluate whether the previously characterized D519V/E665V mutant FVIII could improve therapy in vivo. Far-UV CD and native fluorescence were used to examine changes in the secondary and tertiary structure of D519V/E665V and WT FVIII. Comparative pharmacokinetic, hemostatic efficacy and immunogenicity studies were conducted in a mouse model of HA. Results suggest that the mutations in D519/E665V increase hemostatic efficacy at lower concentrations without negatively impacting the in vivo disposition of the protein.
MATERIALS AND METHODS

Materials
WT and D519V/E665V variants of human B-domain deleted FVIII were expressed and purified in the lab of Dr. Philip Fay as previous described, or by Bayer Healthcare (San Francisco, CA) (8, 11, 17) . Specific activities ranged from 4.8-6.5 and 6.7-8.1 IU/μg respectively as measured by a twostage chromogenic assay. Complete biochemical and activity characterization of the two protein formulations has been previously performed (8, 11) . Control plasmas and activated partial thromboplastin (aPTT) reagents were purchased from Precision Biologics (Dartmouth, Canada) and Tcoag (Parsippany, NJ) respectively. FVIII chromogenic assay detection kits were purchased from Chromogenix (Chapel Hill, NC). Buffer salts were purchased from Fisher Scientific (Fair Lawn, NJ).
Biophysical Characterization
The native structure of FVIII was examined as previously described (18) . Briefly, secondary structure was analyzed by far-UV circular dichroism (CD) scans over 205-260 nm for solutions of WT and D519V/E665V in tris buffer (25 mM tris, 5 mM CaCl 2 , 150 mM NaCl, pH 7.0). Tertiary structure was analyzed by intrinsic fluorescence over 300-400 nm wavelengths following excitation at 265 nm. These studies were performed in triplicate and a representative profile is reported.
Animals
An inbred colony of C57BL/6J mice with a targeted deletion at exon 16 of the FVIII gene is maintained on site in accordance with the Institutional Animal Care and Use Committee of the University at Buffalo. Normal C57BL/6J mice were purchased from Charles River (Wilmington, MA). Study mice were ∼12 weeks old and ∼21.5 g.
Pharmacokinetic Studies
Male HA mice received a single intravenous bolus injection via the penile vein of 4, 10 or 40 IU/kg WT or D519V/E665V FVIII (n≥3 mice/time point) in HEPES buffer (20 mM HEPES, 5 mM CaCl 2 , 300 mM NaCl, 0.01% Tween80, pH 7.0). Blood was collected via cardiac puncture into a 7:1 ratio of acid citrate dextrose (ACD: 85 mM sodium citrate, 110 mM D-glucose, 71 mM citric acid) up to 8 h (10 and 4 IU/kg) or 28 h (40 IU/kg) post injection. Plasma was separated by centrifugation at 5,000×g for 5 min and stored at −80°C until analysis. FVIII activity was measured with a twostage chromogenic assay and concentrations were determined by comparison to a standard curve of known WT or D519V/ E665V FVIII activity. The lower limit of quantification of both variants in this assay was 0.006 IU/mL.
Pharmacokinetic modeling was performed with Phoenix WinNonlin v6.3 (Pharsight Corporation, Sunnyvale, CA). Non-compartmental analysis was used to generate estimates for basic PK parameters such as area under the curve (AUC t ), peak plasma concentration (Cmax), half-life (t 1/2 ), clearance (CL), and volume of distribution (Vss). Standard error estimates of AUC t were obtained with the sparse sampling option within WinNonlin (19, 20) . In addition, data were fit to a previously described (21) one-compartment model with Michaelis-Menten elimination.
Pharmacodynamic Studies
Hemostatic efficacy was assessed in normal C57BL/6J and HA mice with a tail clip assay. Mice were placed under isoflurane anesthesia and laid on a heating pad. Naïve male HA mice received 4, 10, 20, or 40 IU/kg WT or D519V/ E665V FVIII via a penile vein injection (n=3/dose/group) or were untreated (n=5). Normal mice were untreated (n=4). Tails of mice were cleaned and sanitized before transection 5 min after injection with a sterile blade 6 mm from the posterior tip. Following transection, the tail was immediately inserted into 12 mL of normal saline maintained at 37°C and bleeding observed for 45 min. Blood loss was determined gravimetrically.
Immunogenicity Studies
Immunogenicity testing of WT and D519V/E665V was conducted as previously described (18) . Briefly, male mice (n=8/group) received four weekly intravenous injections of either FVIII variant at a dose of 1 μg/injection. Animals were sacrificed at week 6, plasma was isolated and inhibitory as well as total antibody responses were quantified with the Bethesda assay and a previously developed ELISA (22) respectively.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism (La Jolla, CA). Blood loss as a function of dose and FVIII variant was compared by two-way ANOVA. Comparison of inhibitory and total titers was made using unpaired twosample t tests.
RESULTS
Biophysical Characterization
Native structures of D519V/E665V and WT were investigated with biophysical analysis. Although the mutations in D519V/E665V were previously associated with increased thermal stability of the dimeric and trimeric forms measured by activity, slight changes in the organization of the protein may have implications on long-term stability (11) . Far-UV CD spectra overlap for both variants and were described by a large negative ellipticity band around 215 nm characteristic of beta-sheets, the predominant secondary structure in FVIII (Fig. 2a) (23) . Fluorescent emission profiles for D519V/E665V and WT following excitation at 265 nm were also superimposable indicating similar global positioning of aromatic amino acids (Fig. 2b) . Together, these profiles suggest that mutation did not significantly alter the native secondary or tertiary structure of FVIII. It is appropriate to mention here that due to the large size and complex structure of the FVIII molecule, it is possible that these methods are insensitive to detect small conformational changes that these mutations could have on overall structure.
Pharmacokinetic Studies
FVIII in plasma exists in a complex equilibrium balancing vWF binding, enzymatic function, and clearance mechanisms (2) . In order to determine whether the mutations could have an impact on in vivo disposition/catabolism, comparative PK studies were conducted. In PK studies of WT (previously published (21) ) and D519V/E665V (Fig. 3) , doses of 10 and 40 IU/kg exhibited close agreement in observed profiles and resulting PK parameters (Table I) . However, following 4 IU/kg injections, D519V/E665V was reproducibly detected up to 2 h, but WT could not be recovered in any samples even as early as 5 min. We have previously reported that the PK of full length FVIII as well as the B-domain deleted WT protein is non-linear in the HA mice used in these studies (21, 24) . This is also apparent from the fact that non-compartmental analyses show an increase in clearance at lower doses (it is appropriate to acknowledge here that the PK could have been inadequately estimated at lower doses due to limited recovery of plasma FVIII levels at these doses). We hypothesize that this nonlinearity is attributable to saturable clearance of FVIII by the primary clearance receptor Low density lipoprotein receptorrelated protein (LRP). A model with one distributional compartment and Michaelis-Menten clearance describes the disposition of both variants reasonably well at the higher doses of 40 and 10 IU/kg. At the 4 IU/kg dose however, the model slightly overestimates circulating D519V/E665V concentrations possibly due to complexities in macromolecular interactions--such as those with vWF-which are not accounted for within the Michaelis-Menten paradigm. The estimated parameter values of volume of distribution (51.8 vs. 66.2 mL/kg) and MichaelisMenten parameters, IU/h.kg (2.74 vs. 2.52 mL/h. kg) and IU/mL (0.216 vs. 0.126 IU/mL kg) of the WT and D519V/E665V were comparable. Overall, the PK profile of D519V/E665V does not show any negative consequences of the mutation and may offer some distinct advantages over WT at low concentrations.
Pharmacodynamic Studies
Hemostatic efficacy of WT and D519V/E665V in vivo was measured with a tail clip blood loss assay (Fig. 4) . This model has been shown to mimic the spontaneous bleeding characteristic of severely hemophilic patients, is sensitive to the plasma levels of FVIII and its utility in comparative hemostatic efficacy studies has been extensively reported in the literature (25, 26) .
At 40 IU/kg both FVIII variants restore the normal clotting phenotype, but below doses of 20 IU/kg, response diverged. WT FVIII displayed a sharp loss in clotting activity and at concentrations≤10 IU/kg, bleeding was uninhibited by treatment. In contrast, D519V/E665V maintains partial hemostatic efficacy at doses as low as 4 IU/kg. Treatment with WT or D519V/E665V had a significant effect on blood loss at the lower doses (p<0.005, two-way ANOVA at the 10 IU/kg dose). FVIII concentrations at the time of tail vein transection, 5 min after injection, are dose dependent (Fig. 3) , thus these results suggest that similar clotting function can be maintained with a lower concentration of D519V/E665V than WT FVIII.
Immunogenicity Studies
To evaluate the immunogenicity of the FVIII variants, a series of i.v. injections were administered to HA mice with WT or D519V/E665V. HA mice are routinely used to study relative immunogenicity owing to a FVIII immune response qualitatively similar to humans (27) (28) (29) . Inhibitory and total anti-FVIII titers were measured in plasma collected from mice with the clinical Bethesda assay and an ELISA respectively (Fig. 5a, b) . No significant differences were observed between mean inhibitory titers (273±209 vs. 260±183 BU) or mean total titers (823±680 vs. 722±361 Arbitrary titer units) of the D519V/ E665V and WT treatment groups (p>0.5). The lack of statistical significance and the qualitatively similar pattern of distribution indicate that the mutations in D519V/E665V did not significantly alter immunogenicity of the protein.
DISCUSSION
Factor VIII is a large, complex protein and its in vivo disposition is governed by numerous macromolecular interactions including those with antigen presenting cells, carrier proteins, clearance receptors, platelet surfaces, and other coagulation factors (for review, see (2, (30) (31) (32) ). Unlike previous mutant forms of FVIII that employed covalent linkage of the A2 domain thus inherently altering the protein structure and intermolecular interactions, D519V/E665V does not cause any significant changes in the native secondary or tertiary structure of FVIII (15, 33) .
Pharmacokinetic profiles for both WT and D519V/E665V after administration of 40 and 10 IU/kg doses were comparable. Plasma survival was similar between the two variants as reflected by the PK parameter estimates (Table I ). The stabilizing effect of the mutant was apparent only after the low dose of 4 IU/kg. We hypothesize that the observed improvement in plasma survival at this dose might be due to enhanced stability of the mutant in the absence of vWF binding. Prior to activation, elimination of FVIII is believed to be primarily controlled by the vWF carrier and the LRP clearance receptor (30, 34, 35) . Neither D519 nor E665 are within recognized sites of interaction with vWF (1,680, 2,303-2,332) or LRP (484, 1,804-1,834, 2,065, 2,092, 2,173-2,332) (36) . When these are the predominant macromolecular interactions controlling FVIII disposition, the mutations are expected to have little impact on the overall kinetics of the FVIII dimer. At the low dose of 4 IU/kg dose, theoretical initial concentrations (Dose/Vss≈0.1 nM) are less than the Kd reported for interaction between human FVIII and human vWF of 0.32 nM (37) . At these concentrations, a larger portion of FVIII may be unprotected by vWF and rapid catabolism may explain the inability to detect WT in any recovered plasma samples (38) . Prolonged survival of D519V/E665Vat this dose is likely a function of the stabilized FVIIIa trimer unassociated with vWF. In order to test this hypothesis, we conducted plasma survival assessments of the WT and D519V/E665V variants in vWF knock-out mice. vWF−/− mice were administered a 200 IU/kg dose of WT or D519V/E665V. Plasma samples were collected 2 h post dose and analyzed for FVIII activity using a two-stage chromogenic assay. The mean FVIII activity levels of WT (0.06±0.001 IU/mL) and D519V/E665V (0.07±0.01 IU/ mL) in these samples were comparable. The baseline FVIII activity in untreated vWF−/− animals has previously been measured and found to be 0.01 IU/mL. Given these results, the stabilizing effect of the mutant cannot be attributed to improved survival in the absence of vWF binding. Further work is required to ascertain the molecular mechanisms driving the improvement in PK at low doses of the D519V/E665V variant. Because, there is a constant turn-over of FVIII to FVIIIa under steady state physiological conditions in order to maintain hemostasis, we speculate that after the low dose, FVIIIa is likely a significant fraction of the circulating species and therefore under these experimental conditions enhanced stability of mutant becomes apparent.
The increased stability of the mutant was also readily evident in the pharmacodynamic studies where the hemostatic challenge presented by laceration of the tail vein results in increased generation of FVIIIa. D519V/E665V demonstrated substantial improvement in efficacy over WT FVIII in the doseresponse study. Both variants resulted in similar blood loss above 20 IU/kg, but at 10 IU/kg, mice treated with WT displayed the same blood loss as untreated HA mice. Mice receiving 10 IU/kg of D519V/E665V lost 72% less blood than untreated mice. These results are supportive of observations from the PK studies that below some threshold concentration, likely where stability of the FVIIIa heterotrimer becomes a rate limiting step, the handling of WT drastically changes causing rapid elimination and loss of efficacy. Although D519V/E665V also displays a loss of efficacy and increase in catabolism at lower concentrations, the impact is more gradual than for WT. This is evidenced by the retention of partial efficacy at doses as low as 4 IU/kg. Development of an immune response to FVIII in the HA patient population is a major concern with up to 30% of patients developing some level of inhibitory response towards FVIII, drastically complicating the management of bleeding episodes (39) . Immunodominant epitopes have been identified in the A2, A3, and C2 domains of FVIII (40) (41) (42) . Within the A2 domain alone, seven unique immunoreactive epitope sequences have been identified including the 513-523 region in which the D519V substitution is located (43) . Although no significant difference was observed in the immunogenicity for a limited sample of mice, the higher specific activity and improved hemostasis at low concentrations for D519V/E665V compared to WT could decrease the amount of administered protein required to maintain equivalent efficacy; that smaller antigen load may contribute to reducing antibody formation under chronic dosing. D519V/E665V is compatible with stabilizing mutations elsewhere in the structure of FVIII (44) . Combination with other mutations designed to disrupt immunogenic epitopes or formulation strategies capable of reducing immunogenicity and/or inducing tolerance such as liposomal delivery may be able to further improve FVIII replacement therapy (45, 46) .
CONCLUSION
Clinically, where the goal of prophylactic FVIII therapy is to maintain a minimum activity level, the stabilizing mutations associated with D519V/E665V may have a direct therapeutic impact. Increased stability and the decreased blood loss at low doses for D519V/E665V compared to equivalent doses of WT suggest that similar therapeutic efficacy may be maintained with a lower therapeutic concentration threshold, thus reducing the required frequency of injections. At a minimum, higher specific activities associated with the D519V/E665V could provide a dosesparing effect, an important consideration for biotherapeutics where production costs constitute a non-trivial portion of a drugs expense.
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